Oxidative addition of diaryl disulphides RSSR to low-valent transition metal carbonyl Re 2 (CO) 10 with monodendate pyridine ligands bring forth novel sulphur bridged neutral dinuclear rhenium metallacycles [L(CO) 3 Re(l-SR) 2 Re(CO) 3 L] (1-9) (L = pyridine ligand, R = aryl group) under one pot reaction conditions. The Metallacycles 1-9 have been characterised by elemental analysis, NMR and IR and absorption spectral analysis. Molecular structures of 4, 8 and 9 were determined by crystallographic analysis and the structural studies reveal that pyridyl groups attached to metal centres exhibit cis conformation.
Introduction
Transition metal complexes containing the disulphide ligand exhibit a wide range of interesting reactivity and chelating ability at the sulphur atoms [1] [2] [3] [4] [5] [6] [7] [8] . Metal sulphides are of interest due to their wide application in various platforms, such as, catalyst for the removal of organosulphur compounds from the feedstock [9, 10] , as solid state lubricant [11] , as good electrical conductor [12] [13] [14] [15] and for their role in NO storage and transport in vivo to stabilize therapeutic protein structures in the biological processes [16] [17] [18] . Recent studies have shown that metal disulphides can also exhibit a variety of important nanostructures [19, 20] and metal sulphide nanoparticles serve as catalysts with very high reactivities [21] [22] [23] . Earlier, sulphur bridged Re and Mn dinuclear complexes [Re(CO) 4 (SPh)] 2 were obtained from benzene thiol and metal hydrido complexes [24] . A decade ago, hydrido sulphide bridged dirhenium complexes [Re 2 (l-H)(l-SR)(CO) 8 ] [R = H, n-Bu, Ph, 2-naphthyl] were generated from [Re 2 (CO) 8 (MeCN) 2 ] precursor with thiols [25] . Rosenberg and coworkers have reported that dimetallic rhenium and manganese complexes M 2 (CO) 6 (l-g 4 -SC 6 H 4 S-SC 6 H 4 S) 2 [M = Re, Mn] were obtained from thiols and metal carbonyls [26] , and [Re 2 (CO) 8 (SPh) 2 ] complexes were prepared from the reaction of benzene thiol with Re(CO) 5 OTf as well as from the reaction of S 2 Ph 2 with Re 2 (CO) 10 under photolytic condition [27, 28] . Hetero-multiple bridged rhenium compounds Re 2 X 2 (CO) 6 S 2 Ph 2 (X = Br, I) were synthesised from rhenium pentacarbonyl halides and S 2 Ph 2 [29, 30] 10 respectively, with pyridine-2-thiolato ligands [34, 35] . The reaction of Re(CO) 5 Cl with 8-thiohydroxyquinoline hydrochloride afforded the dimeric compound Re 2 (CO) 6 (SX) 2 [36] . Reactions of diaryl disulphide with Re 2 (CO) 10 led to the formation of [Re 2 (CO) 8 (l-SR) 2 ] in much low yields under thermolytic condition, while similar reactions carried out in presence of pyridyl ligands resulted into the facile formation of [Re 2 (CO) 6 (L) 2 (l-SR) 2 ] compounds. Herein, we report on the one-pot synthesis of sulphur bridged neutral dinuclear rhenium metallacycles [L(CO) 3 Re(l-SR) 2 Re(CO) 3 L] (1-9) via oxidative addition of S-S bond across Re-Re bond by the reaction of Re 2 (CO) 10 and diaryl disulphides with monodentate pyridine ligands.
Results and discussion
2.1. Synthesis of sulphur bridged metallacycles 1-9 from Rhenium carbonyl, diaryl disulphides and monodendate pyridine ligands Synthesis of sulphur bridged Re(I) metallacycles proceeded with simultaneous incorporation of two aryl sulphido ligands to the equatorial sites of fac-Re(CO) 3 core with substitution of CO groups by rigid monotopic N-donor ligands to the axial site [37] [38] [39] . The formation of metallacycles 1-9 were accomplished by oxidative addition of diaryl disulphide (RSSR) to the rudimentary rhenium carbonyl with monodentate pyridine ligands like pyridine (py), 4-picoline (pic) and 4-phenylpyridine (Phpy) in mesitylene medium (Scheme 1). The formal oxidative cleavage of S-S bond and addition across the rhenium-rhenium bond afforded the sulphur bridged dinuclear neutral metallacycles cis-[L(CO) 3 Re (l-SR) 2 Re(CO) 3 L] (1-9) (L = pyridine ligand, R = aryl group). In case of compound 5, the trans isomer has also been obtained as a minor product. Metallacycles 1-9 were soluble in common organic solvents and stable at room temperature.
Spectroscopic characterisation of compounds 1-9
The IR spectrum of compounds 1-9 in CH 2 Cl 2 exhibited carbonyl stretching at the region of 2021-1900 cm À1 characteristic of facial assembly of three terminal carbonyl ligands (fac-Re(CO) 3 ) in an octahedrally coordinated metal centre [40] . 1 H NMR spectra of compounds 1-9 displayed appropriate signals for the pyridine ligands and aryl groups bonded to bridging sulphur and the data of the compounds were given in experimental section. In 1 H NMR spectra of compounds 1, 4 and 7 displayed, one doublet, two triplets for pyridyl group (py) protons and phenyl group protons showed one doublet and two triplets. When compared with free pyridine ligand (8.60, 7.65 and 7.26 ppm) and free diaryl disulphide (7.49, 7.30 and 7.23), the pyridyl and aryl group proton signals were shifted towards downfield in compounds. 13 The proton signals of benzyl sulphido bridged metallacycles 7-9 were found to be shifted more towards downfield compared to phenyl and p-tolyl sulphido bridged metallacycles 1-3 and 4-6 respectively. Absorption spectra of 1-9 in dichloromethane displayed higher energy transitions at around k max 226-269 nm, and were attributed to ligand based p-p * transitions. In addition, phenylpyridine containing compounds 3, 6 and 9 showed lower energy bands at around k max 340-358 nm due to MLCT transitions [38, [41] [42] [43] [44] [45] [46] [47] [48] . Metallacycles 1-9 upon excitation at their respective ligand centred transitions exhibited moderate emissions observed at around 400 nm. However compound 5 showed two emission bands at 280 and 304 nm due to p-p * excited state of the ligands [49, 50] .
Structural characterisation of 4, 8 and 9
Single crystals of compounds 4, 8 and 9 were obtained by slow diffusion of hexane into concentrated solution of compounds in dichloromethane. Crystals of 4 and 8 were obtained at room temperature and for compound 9 crystals were obtained at 5°C. A good quality single crystals of 4, 8 and 9 were subjected to X-ray diffraction studies. Details about data collection, solution and refinement were summarized in Table 1 and the molecular structures of compounds 4, 8 and 9 were depicted in Figs. 1-3, respectively.
Crystal structure of 4 adopted dinuclear metallacyclic structure, where each rhenium in fac-Re(CO) 3 core is bonded to one pyridyl and two aryl sulphido group and hence Re centres attained a distorted octahedral geometry with C 2v symmetry [33, 34, 40] bondings were viewed in between C 3 of p-tolyl moiety and carbonyl group with a distance of 2.701 Å, and H 2 proton of pyridyl group bonding with another carbonyl group with a distance of 2.597 Å [59] [60] [61] . Crystal structure of 8 adopted a dinuclear metallacyclic structure, where each rhenium in fac-Re(CO) 3 core is bonded to one picoline and two benzyl sulphido group and hence Re centres attained a distorted octahedral geometry. The Re 2 S 2 ring is non-coplanar with a dihedral angle of 7.74°between the Re (1) (Fig. 2) . The two benzyl groups bonded to bridging sulphur are arranged in a same direction and bent away from the Re 2 S 2 ring and pyridyl groups. C-HÁÁÁp interactions were observed among CH 2 group of benzyl and C 3 carbon of picoline groups with a distance of 2.879 Å. C-HÁÁÁO hydrogen bondings were observed in between carbonyl group and C 3 carbon of benzyl group (2.696 Å) and C 2 carbon of picoline group with another carbonyl group (2.495 Å). Molecular structure of 9 adopted dinuclear metallacyclic structure, where each rhenium in fac-Re(CO) 3 core is bonded to one phenylpyridine and two aryl sulphido group and hence Re centres attained a distorted octahedral geometry. The Re(1)-S(1) and Re(1)-S(2) distances are not equal and Re 2 S 2 ring is non-coplanar with a dihedral angle of 17.85°between Re(1)-S(1)-Re(2) and Re(1)-S(2)-Re(2) planes. In case of molecular structure of 4 and 8 the dihedral angles were found to be 5.2°and 7.74°respectively. The ReÁÁÁRe distance 3.814 Å in Re 2 S 2 ring was found to be decreased whereas C (Fig. 3) .
The phenyl group at para position of the pyridyl ring bonded to Re(1) was twisted by an angle of 99.97°, whereas the other phenyl group of phenylpyridine bonded to Re(2) was twisted by an angle of 121.28°. Two benzyl sulphido groups were bent away from the Re 2 S 2 ring. Intermolecular C-HÁÁÁp interactions were observed in between the phenyl groups of adjacent phenylpyridine ligands (2.856 Å) and in between phenyl group of one phenylpyridine and pyridyl group of another phenylpyridine ligands (2.896 Å). Two benzyl groups were interacted by C-HÁÁÁp interaction with a distance of 2.880 Å. C-HÁÁÁO hydrogen bondings were connected the carbonyl group and C 3 of benzyl group with a distance of 2.686 Å and another carbonyl group was interlinked by hydrogen bonding with one benzyl and one phenylpyridine groups (2.558 Å).
Experimental

Instruments and materials
All the reactions were carried out under dry, oxygen-free N 2 atmosphere using standard Schlenk techniques. The starting materials were purchased from Sigma-Aldrich Chemicals. Rhenium carbonyl, diphenyl disulphide, p-tolyl disulphide, dibenzyl disulphide, 4-phenylpyridine were used as received. Pyridine, 4-picoline, mesitylene and other solvents were dried using literature procedure prior to use. IR spectra were taken on a Thermo Nicolet 6700 FT-IR spectrometer. 10 (0.3 mmol) and diaryl disulphide (0.2 mmol) were taken in a 50 ml two neck Schlenk flask and fitted with a reflux condenser. The system was evacuated and N 2 was purged. Monodentate pyridine ligand and 30 ml of mesitylene was added in N 2 atmosphere. The reaction mixture was heated to reflux under N 2 for 10-19 h and allowed to cool to room temperature. The mesitylene was removed by vacuum distillation and the solid mixture was washed with hexane, chromatographed on silicagel using dichloromethane and hexane as eluent to gave white colour solid of [L(CO) 3 Re(l-SR) 2 Re(CO) 3 L] metallacycles.
A mixture of Re 2 (CO) 10 (196 mg, 0.3 mmol) and diphenyl disulphide (44 mg, 0.2 mmol), were taken in a 50 mL two neck Schlenk flask and fitted with a reflux condenser. The system was evacuated and N 2 was purged. Pyridine (2 ml, 24 mmol) and 30 ml of mesitylene were added under N 2 atmosphere. The reaction mixture was heated to 130°C under N 2 for 10 h and allowed to cool to room temperature. Some of the settled white solid was separated from the reaction mixture, and the solvent was removed by vacuum distillation. The solid mixture was washed with hexane, chromatographed on silicagel using dichloromethane and hexane as eluent to gave white colour solid of cis-[(py)(CO) 3 Re(l-SPh) 2 Re(CO) 3 
